Abstract Due to its sensitivity and speed, the detector still widely used in Cerenkov astrophysics experiments remains the PhotoMultiplier Tube (PMT). For instance, recent pathbreaking experiments in Very High Energy astrophysics (VHE), such as MAGIC and HESS, have used mainstream PMT technology (Aharonian et al, Astron Astrophys 492(1): L25-L28, 2008). Moreover the Cerenkov Telescope Array (CTA) which is now in its design phase, is also planed to be based on PMT's. However, there are some disadvantages to the PMT technology: the rather poor quantum efficiency, the use of high voltages, the high cost when used in large number in a matrix arrangement and the large weight. Hence, we have investigated the possibility to design future Cerenkov telescopes based on solid state technology, specifically Geiger avalanche photodiodes. In a preliminary development Exp Astron test, we placed HAMAMATSU avalanche photodiodes at the focal plane of a 60 cm diameter telescope at the Pic du Midi in the French Pyrénées, in order to record incident cosmic rays. In this paper, we describe not only the experimental setup but we also put special emphasis to the reduction of the semi-conductor noise. We also show first data that were recorded during two runs in the fall of 2006, and conclude by the presentation of the design of an "integrated, low-cost solid state photodiode arrangement" which might be an alternative to PMT's for future VHE telescopes.
Introduction
Early VHE gamma-ray astrophysics can be dated back to the early 80's, when the Whipple experiment showed the existence of gamma rays at TeV energies [1] . Later on, a handful of sources were found by means of first generation telescopes such as AsGat, CAT or Celeste [2] [3] [4] . At the time, two different types of techniques were used, namely imaging-CAT-or sampling of the wave front-Celeste-. The present generation, with MAGIC [5] and HESS [6] , combines both, and therefore allows stereoscopic imaging.
A modern Cerenkov telescope makes use of a large mirror to concentrate light on a detector focal plane. There, photodetectors convert the short Cerenkov light signal into an electrical pulse, further digitized by fast ADCs. Due to photons arising from star light and to unavoidable noise induced within any detector, there is a sizeable spurious counting rate at the level of an individual detector, whatever the quality of the local sky. This noise can be rejected by means of a carefully designed triggering system. Once filtered from spurious signals, the events of interest are analysed to discriminate between photon and hadron induced showers. The quality of this discrimination depends largely on the quality of the Monte-Carlo simulations used during the design phase.
Until now, the photodetectors used were photomultiplier tubes (PMT's). We are investigating in the present work the possibility to use solid state devices. We will describe below the experimental set-up we have used to measure high energy cosmic ray showers. Finally, the results will be presented, to conclude with perspectives for further developments.
Towards a solid-state Cerenkov telescope
Photomultiplier tubes (PMTs) have been used-so far-in all Cerenkov telescopes. The main reason is that they have the appropriate sensitivity and speed, allowing the detection of the single photo-electron with ns response. A single PMT is relatively cheap, and its technology has been well mastered for years. This is the reason why MAGIC II and HESS-II, as well as the future CTA, are now being built or designed with this PMT technology in mind. However there are nowadays new photodetectors on the market that are based on solid state devices.
Avalanche photodiodes have been used for over 20 years, but their gains, in the 10 2 to 10 3 range, have been insufficient to be an alternative to PMT. Nonetheless, a special mode for running APD's makes them serious challengers for PMT's: the so-called Geiger mode. When used cautiously at about 10% above its breakdown voltage, an APD can have a gain as high as 10 6 to 10 7 . About 5 years ago, substantial breakthroughts were achieved within the Geiger regime which are now useful in Cerenkov studies. The presently reported experiment is a preliminary setup of a basic Cerenkov detector for which we have purchased commercially available APD's. We installed five of them at the focal plane of a small telescope. The question was then: can such a simple setup detect VHE cosmic rays with a good confidence level?
Experimental set-up and data reduction
A Geiger APD, properly biased, displays a very high gain. It requires only two resistors to operate, one of 100 k in order to control the current, the other one of 50 in order to collect the signal. Because of the relatively high bias voltage, the diode is ready to fire at any moment, and this can happen in two cases:
• a photon has fallen onto the surface, and the avalanche has been initiated very rapidly, in a timescale of a few picoseconds. It delivers a voltage pulse across the 50 resistor. Hence, charges flow very rapidly and the voltage falls below its breakdown value [7] . Then, in a matter of tens of ns, the system recovers depending upon the capacitance of the diode, and is again available for a new avalanche. The quenching can be passive or active; it is faster in the latter case, though this requires command transistors.
• a thermally generated electron initiates the avalanche, the most frequent case at room temperature. The thermal noise counting rate decreases by a factor of two for a decrease in temperature of 8
• C [8] . This means that if we want to have reproductible data, the temperature has to be well known and regulated, i.e. by means of Peltier components.
It is necessary to reduce the dark count rate, dominated by thermal events. A commonly used method in VHE astrophysics is the triggering on a minimum of threefold coincidences. In doing so, one can ascertain that an event was initiated by a Cerenkov isochronous conical wavefront. Such a coincidence scheme is illustrated in Fig. 1 for twofold events and is a standard scheme in nuclear physics experiments.
We purchased a few Hamamatsu S9251 APDs, and checked their breakdown voltages and dark currents. The characteristics of these photodiodes are 3.3V Table 1 . We made a selection of five similar diodes with a dark count rate of 50 kHz at 20
• C (temperature range investigated −20 • C to 30
• C) when they are operated 20 V above the breakdown voltage. The latter is defined by the appearance of counts at the output.
In addition to the dark count rate, one has to consider the additional night sky backgroud that accounts for 100 kHz. This is obtained while considering the 1.8% active surface of our detector, with an overall sky background of 100 MHz per m 2 and a 0.28 m 2 collecting surface of our T60 télescope. Since the cosmic ray count rate is expected to be of a few Hz, most of the rate recorded by the diodes is due to the unavoidable thermal and nightsky background contributions. To eliminate this spurious signal, we used the five aforementionned diodes in a coincidence detection scheme. The diode output signal goes through a S&H circuit that has a level control to adjust the threshold as can be seen in the example displayed in Fig. 1 . The output of the comparator circuit has a width of 40 ns. The Field-Programmable Gate Array (FPGA) counter allows one to register individual counting rates as well as any combinations of two, three, four and fivefold coincidences.
For illustration purposes, Fig. 2 displays a diode noise distribution as measured with the scheme in Fig. 1 . It represents the time interval distribution between two subsequent pulses from a given photodiode. No signal is observed within the time interval 0.01 to 1 μs this being due not only to the photodiode placed in the dark at 20
• C and polarized at 300 V (contribution of about 40 ns), but also to extra resistors placed further downstream in the electronic circuit. In order to model and evaluate the noise in the various coincidence configurations, one needs-first of all-to consider the noise as 100% random. One has also to simplify the shape of the noise distribution, considering a maximal time separation between two adjacent pulses of 40 μs, thus twice that given by the average frequency of 50 kHz. The minimal time separation is thus equal to zero.
The probability P A1 to have the binary signal '1' is given by
with f g = 50 kHz the frequency in the Geiger mode and L i = 40 ns the width of the pulse. With three identical photodiodes, the probability to have the three signals '1' (threefold coincidence) is therefore given by
In order to extract the frequency for threefold coincidences, one needs first to calculate the coincidence width
Numerically, this equals 13.3 ns. One gets then the threefold coincidence probability with L ic3 + x being the maximal time between two adjacent threefold coincidence events. The frequency for threefold coincidences is obtained through the equality P A3 = P C3 which in terms gives the value for
Subsequently, the period
gives the frequency
The model calculations give very satisfactory outputs as they compare to experimental findings. These are summarized in Table 2 , for two to fivefold coincidences.
Fivefold coincidence measurements of Cerenkov flashes
Convinced that a fivefold scheme would allow us to completely get rid of spurious noise, we performed measurements in december 2006, at the 2,877 m altitude of Pic du Midi de Bigorre-French Pyrénées, at an average temperature of 6 • C. We placed our package of five Hamamatsu photodiodes working in coincidence at the focal plane of the 60 cm diameter telescope. We measured the number of Cerenkov flashes as a function of the zenith angle (counted with respect to the local vertical direction). Our results are presented in Fig. 3 . Curve n
• 1 represents the normalized coincidence frequency as a function of the zenith angle θ v whereas curve n • 2 is the cos 2 θ v dependence expected for low energy cosmic rays at ground level (see for instance Refs [9, 10] ). The reason for the latter dependence is that the spectrum of cosmic rays is dominated by surviving muons, and that the atmospheric absorption follows the thickness of air crossed, thus increasing with the zenith angle. As can be seen, both curves match reasonably within the experimental uncertainties on the frequency and the absolute determination of the zenith angle. Therefore, we conclude that our data are only due to incident cosmic ray showers generating Cerenkov light wavefronts, with a very weak spurious frequency of 2 × 10 −7 Hz.
Conclusion and perspectives
In this work, we have presented results of an experiment conducted 3 years ago, with the objective to use solid state photodetectors for future atmospheric Cerenkov detectors. Thanks to the use of coincidence circuits to reject spurious noise, the results are in agreement with the expected variations of absorption in the atmosphere. We are now working on the construction of a modest telescope (4 m in diameter) which, we hope, can appear as an alternative to all-PMTs ones. One important argument would be the low cost of such a telescope compared to usual ones.
To conduct the work presented here, we used Hamamatsu APD's that were available at the time. Today, technology for photodetectors has evolved towards the so-called Silicon Photomultiplier (SiPM). arrangment [11] . A SiPM consists in the association of several diodes in parallel, i.e. up to several thousands. As displayed in Fig. 4 , it yields a single output signal. There are today several suppliers for SiPM: SensL, CPTA / Photonique, FBK-irst, Hamamatsu Photonics, MEPhI/Pulsar, RMD, SensL, ST-Microelectronics, Zecotek ..., and developments are conducted in a dozen laboratories worldwide. A typical SiPM has an area of 9 mm 2 . Our future plans concern measurements of the Cerenkov light that arises from γ ray objects using SiPM, that is to say we wish to build a 'SiPM Cerenkov telescope'. To do so, we have recently designed and manufactured a number of APD and SiPM photodetectors working in the Geiger photon counter mode, using our locally designed technology (associating CESR and LAAS laboratories). In the very near future, we plan to test them in the framework of a devoted 'Cherpic project', once again at the pic du Midi-french Pyrénées. Our prototype telescope will include all available technologies (microlenses, ASIC, integrated arrays of SiPM, a 512 pixels imager, ...). We plan to look at the Crab nebula source during the 2009-2010 winter season. Lastly, we should point out that some communications from other groups are starting to appear in the litterature on this very subject which are more or less at the same research stage [12, 13] .
